"shRNA-mediated decreases in c-Met levels affect the differentiation potential of human mesenchymal stem cells and reduce their capacity for tissue repair. " Tissue Engineering Part A.16,8. 2627-2639. (2010 We previously demonstrated that culturing MSC in hypoxic conditions causes upregulation of the hepatocyte growth factor (HGF) receptor c-Met, allowing them to respond more robustly to HGF. MSC preconditioned in hypoxic environments contributed to restoration of blood flow after an ischemic injury more rapidly than MSC cultured in normoxic conditions. We now investigated the specific role of HGF/c-Met signaling in MSC function. An shRNA-mediated knockdown (KD) of c-Met in MSC did not alter their phenotypic profile, proliferation, or viability in vitro. However, we determined that while HGF/c-Met signaling does not play a role in the adipogenic differentiation of the cells, the disruption of this signaling pathway inhibited the ability of MSC to differentiate into the osteogenic and chondrogenic lineages. We next assessed the impact of c-Met KD on human MSC function in a xenogeneic hindlimb ischemia injury model. A 70% KD of c-Met in MSC resulted in a significant decrease in their capacity to regenerate blood flow to the ischemic limb, as compared to the MSC transduced with control shRNA. MSC with only a 60% KD of c-Met exhibited an intermediate capacity to restore blood flow, suggesting that MSC function is sensitive to the dosage of c-Met signaling. The current study highlights the significance of HGF/c-Met signaling in the capacity of MSC to restore blood flow after an ischemic injury and in their ability to differentiate into the osteogenic and chondrogenic lineages.
Introduction
M esenchymal stem cells/marrow stromal cells (MSC) are adult multipotent cells with defined characteristics 1 that are most commonly isolated from the bone marrow, but are also present in other adult tissues. MSC differentiate into multiple tissue-specific cells in vitro and in vivo, including chondrogenic, osteogenic, adipogenic, neural, and cardiac lineages. [2] [3] [4] An intriguing and widely explored area of research has been focused on using MSC as a cell therapeutic agent, promoting repair after tissue damage. In several injury models such as cardiac infarction and hindlimb ischemia, MSC have been shown to improve tissue regeneration and blood flow recovery. 5, 6 Although the exact mechanism of how MSC mediate tissue repair is still unknown, the current evidence suggests that their ability to secrete trophic factors is important for their regenerative properties. 7 Hepatocyte growth factor (HGF) is a pleiotropic cytokine that has been described to be activated upon tissue injury such as cardiac infarction, liver damage, and skeletal muscle injury. 5, 8, 9 In the adult tissues, HGF serves as a potent mitogen and organotrophic factor, promoting tissue regeneration. It is also an angiogenic factor stimulating endothelial cell proliferation. 10, 11 Additionally, HGF stimulates cell scattering and directional migration in vitro, and possibly acts as a trophic factor in vivo. 12, 13 HGF plays an important role in tissue repair. During regeneration, expression of HGF from the damaged tissue is upregulated, and is highest at 48 h. 14, 15 The role of HGF in repair has been well documented in the liver, 16, 17 heart, 18, 19 and muscle. 20 An HGF receptor c-Met is expressed on hematopoietic progenitors that respond to HGF [21] [22] [23] [24] [25] [26] [27] [28] [29] as well as cells that are capable of regenerating liver and muscle. c-Met is expressed on immature human marrow-derived hematopoietic stem/ progenitor cells with the phenotype CD34 þ CD33 À and CD34 þ CD38
À , but not on more mature progenitors with the phenotype CD34 þ CD33 þ and CD34 þ CD38 þ . 28 Recently, it has been reported that MSC express both HGF and its receptor c-Met. 13 As predicted, HGF acts as a motogenic stimulus for MSC, increasing their scattering, as shown by the scratch test assay, as well as directional migration/chemotaxis toward an HGF gradient in a transwell assay. Low concentrations of HGF demonstrate a mitogenic effect on MSC, enhancing their proliferation rate. 30 Surprisingly, high levels of HGF have a negative effect on MSC proliferation in vitro. 12, 13 In several in vivo injury models, MSC overexpressing HGF have been shown to improve cardiac tissue regeneration after myocardial infarction injury faster than nontransduced MSC, 31 whereas HGF knockdown (KD) in MSC rendered them unable to improve revascularization in the hindlimb ischemia injury model. 32 Altogether, these results suggest that HGF does play a key role in ischemic tissue repair.
The tissues and cells of multicellular organisms have an ability to sense low oxygen availability, to ensure an adequate oxygen supply to all tissues. The cellular response to hypoxia is important for tissue survival, and plays a role in cancer and other ischemic diseases. For instance, hypoxia activates multiple proteins that promote the angiogenesis and glucose transport pathways to improve survival in the affected cells. 5, [33] [34] [35] [36] [37] Hypoxic stimulation has been previously shown to activate the HGF/c-Met signaling pathway. c-Met, the receptor for HGF, is rapidly internalized and degraded after ligand binding. 38, 39 There is evidence suggesting that hypoxia enhances not only expression of c-Met but also its protein stability. 40 In our previous studies, we demonstrated that the HGF receptor c-Met is upregulated in MSC that are cultured at 1%-3% oxygen, whereas these cells are then able to mediate tissue repair more robustly at an early time point than MSC cultured at 21% oxygen. 5 In the current report, we examine the effect of c-Met KD on the characteristics, differentiation potential, and function of human MSC. First, we assessed the in vitro characteristics of KD MSC, including their cell surface marker profile, colony-forming efficiency, and differentiation potential, and then we determined whether HGF/c-Met signaling is important in the in vivo tissue repair capacity of MSC in a hindlimb ischemia injury model.
Materials and Methods

Cell culture
MSC were cultured from normal human donor marrow aspirates, as we have previously described. 41, 42 All studies were done in accordance with university regulatory committees. Aspirates were filtered through 70 mm filters (BD Falcon Ref 352350) and the filters were subsequently flushed with the MSC medium (Iscove's Modified dulbecco's modified Eagle's medium [DME], 15% fetal bovine serum, 15% horse serum, 10 À6 M hydrocortisone, 10 À4 M 2-Mercaptoethanol, and 2 mM L-glutamine), to recover bony spicules, from which MSC were isolated as described. 43 Cultures were kept under 80% confluence at all times. All experiments were done with cells passaged 3-9 times.
shRNA transduction shRNA constructs targeting c-Met and scrambled control were purchased from Sigma (cat# NM_000245, SHC002). Lentiviral vectors expressing these constructs were generated using pHR'8.2deltaR packaging plasmid and pCMV-VSV-G envelope plasmid at 8:1 ratio and transfected into 293T cells in the presence of Fugene (Roche Applied Science; cat. no. 04709691001). MSC were treated with viral supernatant and 10 mg/mL protamine sulfate (Sigma; cat. no. P3369) for 4 h, and after 48 h selected with 1 mg/mL puromycin (Sigma; cat. no. P7255).
Western blot analysis
c-Met KD was verified for each batch of shRNA vectortransduced cells using Western blotting. After washing with cold phosphate-buffered saline (PBS), lysis buffer (1% Triton Â100, 150 mM NaCl, 50 mM HEPES, 1 mM Na 3 VO 4 , and protease inhibitor cocktail [Complete Mini; Roche; cat. no. 11836153001]) were directly applied to MSC on tissue culture plates. Western blotting was performed as previously described. 44 Protein bands were quantified using Image J software (Rasband, WS; Image J, National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007).
Flow cytometry
Cells that had been released by cell dissociation buffer (Gibco; cat. no. 13151-014) were phenotyped using monoclonal antibodies and a BD FACScan flow cytometer. Antibodies for CD34, CD45, CD90, and CD73 were purchased from BD Pharmingen (cat. nos. 55824, 34796, 555595, and 550257, respectively) and CD105 was purchased from R&D Systems (10971A).
Cell cycle assay
Cells were collected and fixed with ice-cold 90% ethanol, added drop wise while vortexing. The fixation reaction was allowed to go 1-24 h, while the cells were kept at 48C. Cells were then collected by centrifugation and resuspended in PBS containing 0.1% Triton Â100 and 20 mg/mL RNAse and incubated for 30 min at 378C. Propidium Iodide at a final concentration of 50 mg/mL was added and cells were analyzed by flow cytometry.
Cell viability
MSC were harvested and stained with Annexin V and 7AAD according to the manufacturer's instructions (Apoptosis detection kit; BD Biosciences). The cells were analyzed using a FACScan flow cytometer (Becton Dickinson).
Colony forming units-fibroblast assay
MSC were plated at a density of 52.6 cells/cm 2 in six-well tissue-culture-coated plates in the MSC medium. Fourteen days after plating the cells were fixed with cold methanol for 5 min and stained with Giemsa stain (Sigma; cat. no. GS500). The number of colonies was counted using a phase-contrast microscope (Nikon TMS).
Differentiation assays
The differentiation assays were performed according to manufacturer's instructions (Lonza). At the end of differentiation process, the cell monolayers were fixed with cold methanol for 5 min and air-dried. The adipogenic cultures were stained with Oil Red O (Sigma; cat. no. O0625) as previously described. 45 The osteogenic cultures were stained with Alizarin Red S (Sigma; cat. no. A5533), 2% Alizarin Red S, pH 4.2 solution for 5 min, washed with water, and air-dried.
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Hypoxia
The hypoxic condition was generated using a hypoxia chamber (Stem Cell Technologies; cat. no. 27310) according to the manufacturer's instructions. Briefly, the cultures were enclosed in the chamber and flushed with a mixture of gasses (95% N 2 and 5% CO 2 ) for 3 min. At the end of the flushing period, the chamber was closed to prevent free flow of exogenous air into the chamber. The final level of hypoxia was 1%-3%, as specified by the manufacturer. The cells were incubated in hypoxic conditions for 21.5 to 28 h before transplantation.
Animal surgery and MSC injection
All animal procedures were approved by the Animal Studies Committee at Washington University in St. Louis. Under anesthesia, NOD/SCID mice were subjected to unilateral hindlimb ischemia surgeries as described. 46, 47 The mice were shaved and prepped; then, the right femoral artery and vein were exposed and dissected from the femoral nerve; the proximal portion of the femoral artery and vein was ligated with 6-0 silk sutures. The distal portion of the saphenous artery and vein and the remaining collateral arterial and venous side branches were ligated and completely excised from the hindlimb. The overlying skin was closed using Nexaband veterinary glue (Abbott Animal Health). Anti-CD122 antibody, to reduce murine NK activity, was injected intraperitoneally at a concentration of 200 mg/mouse right after the surgery. MSC (10 6 cells per mouse) were injected intramuscularly into the injured area in 100 mL of PBS in three different sites 1 day after the surgery.
Laser Doppler perfusion imaging
Blood perfusion was monitored by laser Doppler imaging (MoorLDI-2; Moor Instruments). Animals were anesthetized and placed on a heating block at 378C before scanning to minimize temperature variations. The laser Doppler images were analyzed by averaging the perfusion, expressed as the relative unit of flux over the surface of both ischemic and nonischemic foot, as determined by the Doppler imaging. The final data were expressed as the flux ratio of ischemic and nonischemic foot. This provides a healthy contralateral positive control in each image, to minimize light and temperature variations.
Statistics
One-way analysis of variance (ANOVA) was used to analyze the statistical significance in all in vitro experiments. The significance of the in vivo hindlimb ischemia functional studies was examined using two-way ANOVA analysis. A p-value <0.05 was considered to be significant throughout all studies.
Results
shRNA KD of c-Met in MSC
To study the importance of HGF/c-Met signaling for MSC function, we used shRNA constructs to generate a KD of c-Met in MSC. Two out of five constructs tested resulted in 60%-70% KD of the protein, as confirmed by Western blotting, whereas the level of c-Met protein in MSC SCR was unaffected (Fig. 1a) . The average KD level of c-Met protein from multiple transduction experiments was quantified by densitometry and c-Met semi-quantification was normalized by tubulin expression. There was no significant difference in the level of reduction in protein levels between the two vectors ( p > 0.05, Fig. 1b ), whereas both were significantly decreased as compared to the scrambled control ( p < 0.05, n ¼ 9).
The KD of c-Met in MSC does not alter expression of phenotypic cell surface markers
In the following experiments, we investigated whether c-Met KD MSC can maintain their in vitro characteristics. Although there are no exclusive cell surface markers for MSC, the previously established minimal criteria require MSC to express CD73, CD90, and CD105 on their cell surface, as well as to lack CD34 and CD45 markers. 1 The flow cytometry analysis of the KD MSC and the MSC transduced with scrambled control shRNA (SCR) MSC showed that both groups of cells did present equivalent levels of the appropriate cell surface markers (Fig. 2) , suggesting that neither the process of transduction nor the lack of c-Met signaling disrupted the cell surface phenotype of the MSC. The average numbers of cells expressing CD73, 90, and 105 with the standard deviations are summarized in Table 1 .
The KD of c-Met in MSC has no apparent effect on cell cycle, survival, or colony-forming efficiency HGF/c-Met signaling has been previously implicated to have a mitogenic function. 10, 11 To determine whether c-Met KD affects MSC proliferation, the cell cycle status of MSC was analyzed by flow cytometry. Figure 3a summarizes the data and shows that there was no difference between KD MSC and SCR MSC in the percentage of cells in the different phases of the cell cycle. Additionally, the proportion of cycling cells in this experiment was similar to that of the nontransduced MSC, as shown in previous studies. 5 We next investigated the effect of c-Met KD on MSC survival. The results of flow cytometry analyses demonstrate that there was an equivalent fraction of dead and apoptotic cells in KD MSC and SCR MSC, suggesting that 62%-70% KD of c-Met did not alter the viability of MSC (Fig. 3b) .
To further characterize KD MSC in vitro, we examined their colony-forming efficiency, which is a measure of the proliferative potential of the MSC. The colony forming unitfibroblast (CFU-F) assay has been shown to be predictive of differentiation potential, as well as to indicate the self-renewal capacity of the MSC. 48 Data analyzed using one-way ANOVA and the Bonferroni postanalysis showed significant differences in untransduced versus scrambled ( p < 0.05) and untransduced versus 4246 MSC ( p < 0.05) (Fig. 3c) . Altogether, these data suggest that transduction by shRNA vectors did cause a reduction in CFU-F formation, but that, as compared to the scrambled control, interference with c-Met did not significantly affect the proliferative capacity of MSC.
HGF/c-Met signaling is required for osteogenic and chondrogenic, but not adipogenic, differentiation of MSC An important indicator of the stem cell potential of MSC is their capacity to differentiate in vitro into multiple lineages. We next tested the ability of KD MSC to differentiate into the adipogenic, osteogenic, and chondrogenic lineages. Notably, SCR MSC demonstrated a differentiation potential that was equivalent to unmaninpulated MSC in all three differentiation pathways (Fig. 4) . Further, Oil red O staining revealed that KD MSC could differentiate into adipocytes to the same degree as SCR MSC, indicating that HGF/c-Met signaling is not necessary for this differentiation pathway (Fig. 4a) . The osteogenic and chondrogenic differentiation, however, was decreased in KD MSC as compared to SCR MSC (Fig. 4b, c) . Table 1 . SCR, scrambled control shRNA.
shRNA construct, which resulted in 70% c-Met KD in MSC, caused a more pronounced reduction in both chondrogenic and osteogenic differentiation of MSC. In addition to the lack of Safranin O staining, the chondrogenic pellets from 4246 MSC were also smaller in size and in general comparable to the pellet of MSC that had not been stimulated with chondrogenic differentiation factors (Fig. 4c) . Interestingly, this result is consistent with the colony-forming efficiency of MSC transduced with this clone, as well as with the level of c-Met protein KD, which was higher for this construct. Nonetheless, antibody. Approximately 24 h after the surgery, the mice were injected intramuscularly with 10 6 human BMSC that had been cultured at 3% oxygen or 21% oxygen. The blood flow recovery to the ischemic limb was followed by laser Doppler perfusion imaging for 2 weeks after the surgery. (b) The laser Doppler perfusion imaging results demonstrate that the mice injected with hypoxia-preconditioned MSC recovered significantly better than the saline controls (two-way ANOVA), whereas there was no significant difference between the control group and the group injected with MSC cultured in 21% oxygen (two-way ANOVA). On the basis of these results, the MSC used in our next hindlimb ischemia experiment were all preconditioned at 1%-3% oxygen before the transplantation. (c) Mice injected with SCR MSC were able to improve blood flow recovery after hindlimb ischemia to the same degree as nontransduced MSC; both SCR-and nontransduced MSC restored blood flow significantly faster than the saline controls (two-way ANOVA). The blood flow recovery in mice transplanted with 4246 KD MSC (70% KD of c-Met) was significantly slower than that in the SCR MSC group (two-way ANOVA). the fact that both KD vectors did decrease MSC differentiation potential suggests that HGF/c-Met signaling is necessary for both osteogenic and chondrogenic differentiation processes.
MSC-mediated blood flow recovery after hindlimb ischemia
We next examined whether HGF/c-Met signaling is important for the tissue repair potential of MSC in vivo, using a murine xenotransplantation hindlimb ischemia injury model. In previous studies, we have demonstrated that human bonemarrow-derived MSC can significantly improve blood flow recovery in the ischemic hindlimb in NOD/SCID/Beta 2 microglobulin null (B2M À/À ) immunodeficient mice. Additionally, we have shown that culturing MSC at 1%-3% oxygen before transplantation resulted in a more robust blood flow recovery at an early time point. 5 In the current experiments, we first investigated whether this finding is reproducible in NOD/SCID mice, which had been injected with anti CD122 antibody to reduce rejection of human cells, as previously described. 49 Approximately 24 h after the hindlimb ischemia surgery, animals were injected intramuscularly with 1 million human bone-marrow-derived MSC that had been cultured at 1%-3% oxygen or 21% oxygen (Fig. 5a) . The blood flow recovery to the ischemic limb was followed by Laser Doppler perfusion imaging. The results revealed that mice injected with hypoxia-preconditioned MSC recovered significantly better than the saline control group. There was, however, no significant difference between mice injected with MSC cultured at 21% oxygen and the saline controls (Fig. 5b) . Therefore, the MSC used in subsequent experiments were always preconditioned in a hypoxic environment before injection.
We next assessed the ability of c-Met KD MSC to mediate blood flow regeneration after a hindlimb ischemia injury. Using the same experimental design as described above (Fig. 5a) , we showed that SCR MSC had a tissue repair capacity comparable to that of nontransduced MSC, and that they significantly improved the regeneration of blood flow to the ischemic limb compared to the saline control group (Fig. 5c) . Further, the comparison between SCR MSC and KD MSC revealed that 4246 KD MSC, which had c-Met expression reduced by 70%, were not able to improve regeneration after the hindlimb ischemia injury, as the mice injected with these cells recovered significantly more slowly than the SCR MSC group and to a similar degree as the saline controls. The 4571 KD MSC, however, which had less reduction in c-Met levels, exhibited an intermediate phenotype. Their regeneration ability was not significantly different from that of SCR MSC (Fig. 5d) . These data therefore demonstrate that 60% KD of c-Met did not cause a significant defect in MSC-mediated blood flow recovery in the hindlimb ischemia injury model, whereas 70% KD of c-Met ablated the potential of MSC to mediate repair in this model.
Discussion
MSC are known to secrete a variety of cytokines and growth factors that have both paracrine and autocrine activities. The predominant mechanism of tissue repair and regeneration by MSC appears to be that they home or lodge in hypoxic and/or inflamed areas and release factors that hasten endogenous repair. These secreted bioactive factors suppress the local immune system, enhance angiogenesis, strengthen small collateral vessels, inhibit fibrosis and apoptosis, and stimulate recruitment, retention, mitosis, and differentiation of endogenous stem cells. These effects, which are referred to as ''trophic effects,'' are distinct from the direct differentiation of stem cells into the tissue to be regenerated. It is important to understand the signaling pathways involved in stem cell recruitment to hypoxic or damaged regions, to develop improved models for enhancing tissue repair using adult stem cells.
We have previously reported that pretreatment of MSC under hypoxic conditions increased the levels and extent of activation of c-Met, 50 which could enhance HGF-mediated chemotactic recruitment to sites of tissue damage. This could also enhance the survival of MSC upon arrival at the damaged site, through increasing the levels of phosphorylation of the pro-survival protein AKT. Phosphorylation of Akt on Ser-473, which we had shown to be enhanced in hypoxic preconditioned MSC, 50 stimulates its activity and plays a major role in the suppression of anoikis, 51 or ''death by detachment.'' This is especially important for MSC, which begin to undergo apoptosis within hours after their integrin detachment from the substrate. AKT has been used to modify MSC for injection to circumvent this problem. Gnecchi et al. showed that, in a mouse model, a conditioned medium from AKT-transduced MSC had the same protective effect as the injected cells in acute myocardial infarction. 52 These data, and others, suggest that a paracrine effect from the MSC is more important than direct differentiation or fusion. Our previous data showed that preculture of the cells in hypoxia before injection naturally increased AKT activity, without artificial overexpression, which could be tumorigenic.
In the current study, we investigated the importance of HGF/c-Met signaling in MSC and specifically its influence on the in vitro and in vivo characteristics of these cells. We show that two different shRNA vectors were able to KD the level of c-Met protein in MSC to 30% and 40% of expression of scrambled control-transduced cells. Further, we show that this signaling pathway did not affect MSCs' cell surface marker profile, their cell cycle progression, or their survival. Upon examining the differentiation potential of c-Met KD MSC, we discovered that although KD MSC were able to differentiate into the adipogenic lineage, the decrease in HGF/c-Met signaling caused a defect in their chondrogenic and osteogenic differentiation potential. Although HGF has been implicated to promote osteogenic differentiation of MSC, 30 to our knowledge this is the first report showing a defect in MSCs' osteogenic and chondrogenic differentiation capacity after a genetic KD of this signaling pathway.
In additional in vivo studies, we next demonstrated that although 60% KD of c-Met had only an intermediate effect on the tissue repair capacity of MSC, a 70% KD of this receptor caused a significant decrease in their ability to promote blood flow regeneration after a hindlimb ischemia injury. The 60% KD of c-Met in MSC also displayed an intermediate phenotype in osteogenic and chondrogenic differentiation assays, when compared to the 70% KD.
MSC were initially identified as fibroblast-like cells resident to the bone marrow, which can form tissue-culture-adherent colonies in vitro. 53 After their ability to reconstitute a bone marrow microenvironment in vivo was discovered, [54] [55] [56] many researchers have tried to characterize these cells and their in vitro properties. Although no exclusive cell surface marker for MSC has been identified, a minimal set of markers that they lack or express has been established. 1 Additionally, a CFU-F assay was established as a measure of MSC colonyforming efficiency to reflect their self-renewal capacity. In this study, we show that neither MSC marker profile nor their colony-forming efficiency is altered after a c-Met KD. As HGF/c-Met signaling was expected to alter the MSC function rather than their phenotype, it is not surprising that KD MSC still express the key characteristic markers. It is, however, somewhat unexpected that KD MSC colony-forming efficiency is comparable to that of SCR MSC, especially in the light of the fact that HGF is a known mitogenic factor. A low concentration of HGF has been previously shown to increase the MSC proliferation rate, 30 while high HGF concentrations are known to be inhibitory to MSC growth. 12, 13 We predicted that MSC production of HGF in addition to that present in the serum would result in low levels of HGF in the tissue culture medium, to which KD MSC would not be able to respond. The cell cycle analysis and the CFU-F assay of KD MSC, however, showed no significant differences when compared to the SCR MSC, suggesting that 60%-70% KD of c-Met is not sufficient to alter MSC proliferation and self-renewal. These results are in contrast to previously published data, which demonstrated a diminished growth of MSC treated with anti c-Met antibody. 30 It is, nevertheless, possible that a higher level of c-Met KD is necessary to see an effect in these assays.
Another important characteristic that defines MSC is their in vitro differentiation potential. MSC have been shown to be able to differentiate into multiple lineages, but the three best defined are adipogenic, chondrogenic, and osteogenic. In this study, we demonstrate that MSC expressing decreased levels of c-Met were able to differentiate into adipocytes; however, these cells exhibited a defect in their osteogenic and chondrogenic differentiation. Previous studies have shown that while HGF supplementation alone did not induce osteogenic differentiation, HGF in concert with vitamin D 3 was able to induce bone matrix mineralization in culture. 30 Our results confirm the observation that HGF signaling is important for osteogenic differentiation, demonstrating that the loss of this signaling pathway leads to a decreased formation of bone nodules. Additionally, we make a novel observation that the HGF/c-Met axis is also necessary for chondrogenic differentiation, as the KD MSC were not able to produce extracellular matrix characteristic for cartilage. Although signaling pathways involved in MSC fate determination are complicated and are still not well understood, a number of them such as insulin-like growth factor, fibroblast growth factor, and transforming growth factor-b have been implicated to be involved in processes leading to both chondrogenesis and osteogenesis. 57, 58 Our results prompt further investigation into the possibility that HGF/c-Met signaling interacts with some of these pathways, which could explain why disrupted signaling along this axis does not affect the adipogenic differentiation, but plays a significant role in osteogenic and chondrogenic differentiation.
The major interest in MSC research has been due to their tissue repair potential. Our group and others have previously demonstrated that MSC are able to mediate blood flow regeneration in the hindlimb ischemia injury model. 5, 7, 59, 60 In this report, we show that a 70% KD of the c-Met receptor on MSC disrupted their capacity to improve recovery after an ischemic injury, whereas a 60% KD of c-Met exhibited an intermediate effect, not statistically significant from the blood flow recovery stimulated by SCR MSC. HGF has been previously implicated to be effective in improving blood flow in several animal models of angiogenesis as well as in clinical trials. 5, [61] [62] [63] In a myocardial infarction injury model, MSC overexpressing HGF have been shown to improve cardiac tissue regeneration faster than nontransduced MSC, suggesting that HGF does play a key role in ischemic tissue repair. 31 Additionally, multiple in vitro studies revealed that MSC support endothelial cell survival, proliferation, and tube formation, and that this in vitro effect is dependent on the release of endogenous HGF and vascular endothelial growth factor. 59 In agreement with these results, HGF KD in MSC rendered the cells unable to improve blood flow in the hindlimb ischemia injury model. 32 Altogether, these results suggest that HGF is an important growth factor that significantly contributes to ischemic injury regeneration, and that the ability of MSC to mediate tissue repair is partially due to their release of this cytokine. The data presented in the current study confirm the importance of HGF/c-Met signaling for the ability of MSC to mediate tissue repair. Our data further suggest that not only does HGF act as a trophic factor on the endogenous cells in the injury area, but also the c-Met signaling is necessary for the MSC to respond properly to the injury signals and thus to mediate blood flow recovery in ischemic tissues. In our study the 60% KD of c-Met did not recapitulate the phenotype of the 70% c-Met KD. Several lines of evidence suggest that the level of c-Met expression is important. The 60% KD cells have, for example, showed an intermediate phenotype in the chondrogenic and osteogenic differentiation assays, as well as significantly higher colonyforming efficiency than the 70% KD MSC. This suggests that MSC are sensitive to local gradients and microenvironmental bioavailability of HGF to activate c-Met, like many growth factor/receptor pairs.
In this report, we have uncovered the importance of the HGF/c-Met signaling pathway in the osteogenic and chondrogenic potential of human MSC, as well as in their capacity for tissue repair. We assessed the capacity of MSC with c-Met reduced to variable levels by shRNA to produce bone mineralized nodules and cartilage-specific extracellular matrix as endpoints to test their osteogenic and chondrogenic differentiation, respectively. In future studies, it would be interesting to investigate whether these MSC are arrested at a particular stage of differentiation, and whether HGF/c-Met signaling interacts with other signaling pathways that regulate chondrogenic and osteogenic cell determination. We also determined the importance of c-Met signaling in the capacity of human MSC to increase blood flow in a hindlimb ischemia model. The understanding of how MSC mediate tissue repair and whether the c-Met KD affects their cytokine secretory profile would be an intriguing future direction that could contribute to improving the clinical treatment of ischemic diseases.
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